Abstract. Accurate modeling is required to investigate the behavior of concrete structures strengthened by carbon fiber-reinforced polymer (CFRP). There is, however, limited knowledge on the use of dynamic modeling to study the crack propagation in the beam-column joints strengthened by CFRP. A finite element model is developed to study crack propagation in the CFRP-strengthened joints under dynamic loads. A three-dimensional model is developed to predict the crack propagation under cyclic loading in the ABAQUS software. In this study, dynamic fracture analysis is used to model the crack propagation in the concrete material. Furthermore, the model is used to predict dynamic debonding in CFRP strengthened with the fracture mechanics approach. The results of the present study showed a good agreement with previous experimental results by about 7.1-11.6 %. The proposed model indicates that the crack propagation is controlled by using CFRP composites in the beam-column joint. Furthermore, it is observed that the width of strut zone in the joint increases by the using of FRP strengthening.
Introduction
One of the most vulnerable structural elements to sudden failure is the beam-column joint for which the crack propagation behaviour needs to be predicted [1, 2] . Cracks in the joint start where the beam and column intersect because of stress increase [3] . The fracture mechanics theory is the best method for predicting this type of crack [4, 5] .
Beam-column joints, which provide the continuity of a structure, are critical and significant parts of concrete structures [6] . Furthermore, basically the shear force in the joint area has to rely on a compression strut zone. The diagonal compression strut zone is made by the diagonal concrete compression force in the joint area. The increased force along the strut zone may cause failure. Therefore, the study of their behaviour, crack patterns, strut zone, failure mode, and strengthening is essential. Presenting an accurate fracture mechanics model for beam column joints is of great importance owing to the complex behaviour of the joints [7] .
The strengthening of joints can be carried out using jacketing steel, bolted steel, or plate steel or by stitching and drilling with grout. Corrosion, confinement, and cost are reasons why these techniques are rarely used. Nowadays, to retrofit a beam column joint, external fiber-reinforced polymer (FRP) is used [8] . However, use of fracture mechanics modelling to analyse dynamic crack propagation in the joints strengthened by CFRP has not been reported [9] . In fracture mechanics a crack is assumed to start when there is a notch or a stress concentration in the tension zone [10] .
The first modelling based on the fracture mechanics theory in concrete material was presented by Hillerborg et al. [11] . It was demonstrated that there is a fracture zone ahead of the real crack that still has an ability to transfer stress. This fracture zone is known as fracture process zone (FPZ). The modelling of the FPZ in the beam-column joint is an important topic to predict crack propagation.
Many studied have been carried out on carbon fiber-reinforced polymer (CFRP) strengthened beam-column through experimental tests, numerical and an analytical methods with many types, shapes and angle of CFRP sheets, rods or plates under static and dynamic loading [12] [13] [14] [15] [16] [17] . Parvin and Granata [18] modeled three beam-column joints by using various FRP laminates, wraps and various thicknesses to study their moment capacity. They showed that the selection of the FRP materials, wraps and thickness have effected the joint performance. Moment capacity has increased up to 37 % compared to the original joints when the joints were strengthened with FRP laminates.
An experimental research was done to evaluate moment capacity of joint strengthened by using CFRP composite by Granata and Parvin [19] . Some strength systems by using FRP were tested to improve shear strength of the beam-column joint by Ghobarah and El-Amoury [20] . They showed which FRP system has enhanced the ductility, shear strength and moment capacity of the joint.
Also, Antonopoulos and Triantafillou [21] tested 18 joints strengthened with different configuration of CFRP strips and GFRP sheets to validate the theoretical method. They found out the effect of different parameters on the impressiveness of joint and GFRP. The axial load in column, reinforcement of the joint, CFRP versus GFRP and strips versus flexible sheets were the investigated variables. The failure modes were by composites debonding and ties rupture. The increase in column axial load, stiffness and the energy dissipation were 7 %, 100 % and 60 %, respectively.
They found better action of FRP sheets than strips, improving energy dissipation due to GFRP over CFRP, the helpful effect of added axial load of column on shear capacity, and increased impressiveness of the FRP because of less reinforcement in the joint. A numerical model was presented to study the effect of ply angle on the enhancement of shear capacity of the joint strengthened with CFRP by Parvin and Wu [22] . It showed that four covers of wrapping located at ±45 with regards to the horizontal directions were satisfactory for better shear capacity of the joint.
Experimental studies were done on existing jointed strengthened by CFRP for gravity load with no shear reinforcement within the joint core to improve the performance of such deficient joints by Parvin et al. [23] . Both design of CFRP, RC2U1 and RC3U3, significantly improved the joints performance and increased load capacity, displacement, dissipated energy, and stiffness as compared to control joints. However, the RC3U3 form is better than the RC2U1 sample because of higher number of CFRP applied.
Furthermore, FRP-strengthened beam-column joints have been studied experimentally [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, limited models of crack propagation have been developed for FRP-strengthened beam-column joint under dynamic loading. Furthermore, a numerical model is known as a cost effective technique in comparison with experimental tests to predict the crack propagation and structural behavior of joint strengthened with CFRP. The proposed model is prepared to reduce cost of experimental test for CFRP-strengthened joints under dynamic load.
In studies that have previously been mentioned, experimental tests were done to calculate the moment capacity, shear capacity, effect of ply angle type. In these studies more, attention is given to configuration of FRP-strengthened joint behaviour than the location of cracks in joint. The effect of the FRP composites on the dynamic crack growth and strut zone has not been investigated yet in the joint strengthened with the FRP. In this paper, a numerical model is developed to use the fracture mechanics modelling for studying crack propagation in the FRP-strengthened joints under dynamic loads.
Methodology and material
A brief description of the finite element model is presented. A three-dimensional model is developed to predict the crack propagation under cyclic loading. The finite element model is implemented in ABAQUS software. In this study, the dynamic fracture analysis, which has been implemented by Du et al. [33] , using the finite element method, is used to model the crack propagation in the concrete material.
Since shear load is transferred through the concrete compression strut zone, it is, therefore, important to apply an accurate model for this zone (see Fig. 1 ). To model strut zone, the constitutive model presented by Mitra and Lowes [34] is used and is expressed as follows:
where , , _ , and are normal and shear stress of concrete in the panel component, strut stress, width of the strut and angle of inclination of the strut with the horizontal, respectively. The and ℎ are width and height of the joint, respectively (Fig. 1) .
Fig. 1. Strut model
A composite model is required to simulate plane stress joint strengthened on the face of the strut zone. The equilibrium of stress on an element (Fig. 2 ) is defined by:
where , , and are the normal and shear stresses in the global coordinate system, FRP reinforcement ratios in the global and directions, respectively. and stresses in the and -FRP reinforcement, respectively. Ultimate force of beam-column joint is used which has been implemented using the finite element method by Borghini et al. [35] to control collapse. Tension stress and compression stress are [35] :
where are , and the axial force acting on the upper column, the gross area of the column, the horizontal shear acting in the joint panel, respectively. is evaluated based on both the column shear and the shear transmitted by the beam reinforcing bars. When joint is collapsed, is replaced with and is replaced with in Eqs. (3) and (4), respectively. The C3D8 Bricks are used to model the concrete. The FRPs are modeled by using the S4 shell in ABAQUS software. The FRPs behaviors are elastic. The crack initiates from the surface and then is propagated in the concrete material. In the proposed model, the two parameter fracture model [4] is used to predict the initial crack. The model is used by Bruno et al. [36] to predict dynamic debonding in FRP strengthened with the fracture mechanics approach. The nonlinearity is used in the interface element to simulate debonding of the FRP-concrete (Fig. 3) . The steel reinforcements were modeled using truss elements. The steel reinforcement was assumed to be elastic-perfectly plastic.
Fig. 3. Interface element for modeling bond slip of FRP
A spring is proposed to be placed between nodes to model crack formation at the initial stage. As used in the Jenq-Shah's theory [37] , the crack starts when the principal stress in the node reaches the tensile stress of the concrete material. If the crack mouth opening reaches the critical value, then spring stiffness is equal to zero and the element is removed. The single-active-crack mode is used to model multiple-cracks as presented by Shi et al. [38] .
Results and discussion
A CFRP-wrapped beam-column joint under combined axial and cyclic loadings, which was previously reported in the literature [22] , was used to validate the accuracy of the proposed model. The CFRP-wrapped beam-column was tested by Gergely et al. [39] Fig. 4 illustrates an initial finite element mesh modeled for the beam-column joint.
The thickness of CFRP is 0.71 mm (Fig. 5) . The cyclic lateral load in the global direction is applied at the outer side of the column. The axial load was applied at the top of the column (111 kN). The joint was modeled by ABAQUS software with 8896 (average size was 14 mm×14 mm×10 mm) elements. Fig. 6 shows reinforcement detail of beam-column joint by ABAQUS software. Fig. 7 shows correspondence between the results of the study by Parvin and Wu [22] and those obtained by the proposed model for load-displacement of the control joint. The proposed numerical results are consistent (2 % to 7 % difference) with the work presented by Parvin and Wu [22] . The failure load (42.7 kN) had 5.4 % difference compared with the failure load of study by Parvin and Wu [22] . Based on the proposed model, the maximum lateral displacement in push and pull paths for the control join are 9.9 and mm 12.8, respectively. In Comparison with the study by Parvin and Wu [17] , the maximum lateral displacement in push path is 10.4 mm and in pull path is 13.0 mm. Based on the proposed model, the maximum load capacities of the control joint in push load is 42.7 and in pull load is 41.4 kN. Load versus displacement by the present model was compared to a study by Parvin and Wu [22] in Fig. 7 . As seen in Fig. 7 , the results of the present model showed good agreement with the study by Parvin and Wu [22] results (7.1-11.6 %). As shown in the hysteresis loop of Fig. 7 the results of using the proposed model, the maximum push and pull loads are 81.23 kN, and 80.03 kN and the maximum displacements in pull and push are 19.22 mm and 20.15 mm, respectively. Comparing with results of the study presented by Parvin and Wu [22] , the maximum displacements in pull and push loads have approximately 6.7 % and 5 % difference, respectively. Comparing with the control joint in Fig. 7 , load capacity has increased by 51 %. Based on the present investigation, the maximum displacement in the joint strengthened with the CFRP sheet is 64.3 % larger compared with the control joint. Fig. 9 illustrates the crack propagation pattern in the beam-column joint without FRP (control joint) at the failure load (39.7 kN). The fracture zones are shown in green color, while the real cracks are displayed in red color. Using the proposed model, the maximum displacement is 10.93 mm. furthermore and based on the results of the study by Parvin and Wu [22] , this value is 10.4 mm. The length and width of shear crack in the joint core region are 106 mm and 1.9 mm, respectively. This crack is causing the shear failure mechanism. The tensile damage is defined from 0 to 1 in the ABAQUS software. The results showed that the maximum value of the damage parameter is +1.00 ≥ 0.1. Therefore, the tensile damage occurred along the red lines as shown in Fig. 9 . It should be noted that the crack path is smooth, although in this study the crack path is illustrated by unconventional lines. Fig. 10 shows the stress versus strain curve of the biggest crack at the top intersection of the beam and column in the control joint. The envelope of the loops is shown in the black line and the loops are represented in red lines. The decrease of peak loads at the first and second loading cycles would be caused by the softening of joint. At the last loading cycles, cracks are propagated rapidly. As shown in Fig. 10 , the stress-strain softening behavior of the crack represents that crack propagation occurs in concrete material. As shown in Fig. 10 , the push and pull load paths are initially different and then these paths coincide. Fig. 11 shows the crack propagation pattern in the beam-column joint with FRP that obtained by the present study. The real cracks are shown in red color. Five flexure cracks were observed in the beam and shear crack in the joint core region in the control joint (see Fig. 9 ). However, no considerable flexural cracks are observed in the strengthened joint core region (Fig. 11) . Only small cracks are initiated in beam close to the strengthened area.
As shown in Fig. 11 , the tensile damage occurred along the red lines in the beam. The shear cracks are formed at the control joint, but did not appear in the strengthened joint. The CFRP sheet helped delaying the propagation of shear and flexural cracks. Crack propagation was managed with the CFRP sheet. By using the CFRP sheet in the beam-column joint, the length of cracks is decreased. The use of CFRP prevented cracks and maintained the original shape of beam-column joint and increased deformability. The beam-column joint without FRP (control joint) is characterized by the presence of a compression strut zone (Fig. 12) at 30 .0 kN load. The compressive stress legend is presented on the left side of Fig. 12 . The compressive stress is distributed uniformly on the strut width. Fig. 13 shows the effect of CFRP-strengthened on strut width. For comparing with the control joint, Fig. 13 illustrates the compressive stress in the joint strengthened by CFRP at 30 kN lateral load. As illustrated in Fig. 13 , compressive stress can be observed at joint core and at the bottom of the beam. In the beam-column joint with CFRP (Fig. 13) , the strut width is greater. Therefore, it is observed that the width of strut zone in the joint increases with the application of FRP strengthening. 
Conclusions
A numerical model was developed to predict crack propagation of CFRP-strengthened joints under dynamic loading. The crack patterns were estimated according to the proposed fracture model for the CFRP-strengthened joins. A three-dimensional finite element model was then developed to analyze the crack propagation under cyclic loading in the ABAQUS software. In this study, dynamic fracture analysis was used to model the crack propagation in concrete. Also, the model was used to predict dynamic debonding in the CFRP. The results of the present study showed good agreement with available experimental results by 7.1 % to 11.6 % difference. The model shows that the crack propagation would be limited by using CFRP composites in the beam-column joint area. It can be observed that the number, pattern and length of cracks are changed by using FRP composites in the joint area. Furthermore, it is observed that the width of the strut zone in the joint increases with the application of the CFRP.
